Synaptojanin 1 is a polyphosphoinositide phosphatase implicated in synaptic vesicle recycling. We used FM1-43 imaging and electron microscopy in cultured cortical neurons from control and synaptojanin 1 knockout mice to study how the absence of this protein affects specific steps of the synaptic vesicle cycle. Exo͞endocytosis after a moderate stimulus was unchanged. However, during prolonged stimulation, the regeneration of fusion-competent synaptic vesicles was severely impaired. In stimulated nerve terminals, there was a persistent accumulation of clathrin-coated vesicles and a backup of newly reformed vesicles in the cytomatrix-rich area around the synaptic vesicle cluster. These findings demonstrate that synaptojanin 1 function is needed for the progression of recycling vesicles to the functional synaptic vesicle pool. N eurotransmission and its reliability depend on the efficient and precise recycling of synaptic vesicles in the presynaptic nerve terminal (1, 2). Vesicle fusion and neurotransmitter release are followed by rapid retrieval and repackaging of synaptic vesicle membrane components into new functional vesicles. Morphologic, biochemical, genetic, and functional evidence points to an important role of the clathrin-mediated recycling pathway in this process (1, (3) (4) (5) . Alternative and parallel pathways may also participate in recycling (1, 2, 6-9).
Synaptojanin 1 is a polyphosphoinositide phosphatase implicated in synaptic vesicle recycling. We used FM1-43 imaging and electron microscopy in cultured cortical neurons from control and synaptojanin 1 knockout mice to study how the absence of this protein affects specific steps of the synaptic vesicle cycle. Exo͞endocytosis after a moderate stimulus was unchanged. However, during prolonged stimulation, the regeneration of fusion-competent synaptic vesicles was severely impaired. In stimulated nerve terminals, there was a persistent accumulation of clathrin-coated vesicles and a backup of newly reformed vesicles in the cytomatrix-rich area around the synaptic vesicle cluster. These findings demonstrate that synaptojanin 1 function is needed for the progression of recycling vesicles to the functional synaptic vesicle pool. N eurotransmission and its reliability depend on the efficient and precise recycling of synaptic vesicles in the presynaptic nerve terminal (1, 2) . Vesicle fusion and neurotransmitter release are followed by rapid retrieval and repackaging of synaptic vesicle membrane components into new functional vesicles. Morphologic, biochemical, genetic, and functional evidence points to an important role of the clathrin-mediated recycling pathway in this process (1, (3) (4) (5) . Alternative and parallel pathways may also participate in recycling (1, 2, (6) (7) (8) (9) .
Growing evidence suggests that phosphoinositides play an important role in the synaptic vesicle cycle via their interaction with endocytic and actin regulatory proteins (10) (11) (12) (13) . Phosphoinositides, PI(4,5)P 2 in particular, bind clathrin adaptors such as AP-2 (14-16), AP180 (17, 18) , and epsin (19, 20) , as well as the GTPase dynamin (21, 22) , which is critically required for the fission of endocytic vesicles (23, 24) . They also regulate a variety of proteins that control actin nucleation (13, 25, 26) . Actin, in turn, is thought to play an important role in clathrin-mediated recycling by generating and organizing cytoskeletal scaffolds at endocytic zones (27) (28) (29) and, possibly, by contributing to the translocation of newly formed endocytic vesicles to the synaptic vesicle cluster (30) (31) (32) (33) (34) .
Synaptojanin 1 is a polyphosphoinositide phosphatase highly enriched in presynaptic nerve terminals and localized to recycling intermediates in synaptosomes (35, 36) . Its COOHterminal proline-rich domain interacts with several accessory factors implicated in synaptic vesicle recycling, including amphiphysin (35) , endophilin (37) , (38) , intersectin (34, 39) , and syndapin͞pacsin (40, 41) . Its NH 2 -terminal Sac1-like module hydrolyzes the phosphates of PI(3)P, PI(4)P, and PI(3,5)P 2 (42) , whereas its central phosphatase module hydrolyzes the 5Ј phosphate of PI(4,5)P 2 and PI(3,4,5)P 3 (43, 44) . By means of these enzymatic activities, synaptojanin can dephosphorylate polyphosphoinositides to phosphatidylinositol and thereby function as a negative regulator of the interactions between membranes, coat proteins, and regulatory factors for actin.
In mice knockout studies, the absence of synaptojanin 1 leads to a failure to thrive and 100% mortality within 2 weeks of birth, elevated steady-state levels of PI(4,5)P 2 , an increased number of clathrin-coated vesicles in presynaptic terminals, and increased synaptic depression in hippocampal slices (43) . Paired cell recordings of inhibitory neurons in cultures further demonstrate the importance of synaptojanin 1 for the slow component of synaptic depression during prolonged stimulation (45) . In lamprey reticulospinal axons, microinjection of anti-synaptojanin antibodies or of peptides that inhibit synaptojanin recruitment induces a stimulus-dependent depletion of synaptic vesicles, an increase in clathrin-coated vesicles, an expansion of the plasma membrane, and an accumulation of actin at endocytic zones (46) . In Caenorhabditis elegans, the synaptojanin null mutant unc-26 exhibits uncoordinated behavior and pleiotropic morphologic effects, including depletion of synaptic vesicles, cytoskeletal defects, and an accumulation of endocytic pits, coated vesicles, and endosome-like compartments (47) . In yeast, inactivation of synaptojanin-like proteins results in an accumulation and mislocalization of PI(4,5)P 2 , as well as defects in actin and endocytosis (48) (49) (50) .
Collectively, these studies suggest that synaptojanin 1 plays some essential role in synaptic vesicle recycling, particularly during prolonged stimulation. However, a precise correlation between the physiology of synaptic transmission, the synaptic vesicle cycle, and the cytology of the synapse has not been established. In this study, we have combined quantitative imaging of FM1-43 turnover (51, 52) with electron microscopy on cultured cortical neurons from synaptojanin 1 knockout mice to determine the role that synaptojanin 1 plays in specific steps of the synaptic vesicle cycle under physiological conditions.
Methods
Cell Culture. Synaptojanin 1-deficient mice were obtained by targeted disruption as described (43) . Newborn littermates of control and homozygous synaptojanin 1 mutant mice from four different litters were used in the analysis. Primary cultures of cortical neurons were prepared as described (53, 54) . Cultures were maintained in Neurobasal͞B27 medium (GIBCO) at 37°C in a 95% air͞5% CO 2 humidified incubator for 9-18 days before use. chamber. Cells were continuously superfused at room temperature (Ϸ24°C) in a saline solution containing 130 mM NaCl, 3 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 25 mM Hepes (pH 7.35), 30 mM glucose, 10 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and 50 M D-2-amino-5-phosphonovaleric acid (APV) (Research Biochemicals, Natick, MA). FM1-43 (Molecular Probes) was used at 10 M. Fluorescence images were acquired by averaging two frames captured through a 40ϫ, 1.3-N.A. Zeiss objective onto the CCD camera. Quantitative measurements of fluorescence intensity at individual synapses were obtained by averaging a 4 ϫ 4 area of pixel intensities centered about the optical center of mass of a given fluorescent punctum (52) .
Electron Microscopy and Morphometry. Neurons grown on coverslips were mounted in the same electrical field stimulation chamber used for optical studies, and superfused with the physiologic saline solution. Horseradish peroxidase (HRP; 10 mg͞ml) or HRP-conjugated wheat germ agglutinin (HRP-WGA; 1 mg͞ml) (both from Sigma) were applied to neurons in the extracellular bath and used as endocytic tracers for ultrastructural analysis. At the appropriate times, the saline was rapidly exchange with 2% glutaraldehyde͞2% sucrose in 0.1 M sodium phosphate buffer (pH 7.4) and fixed for 1 h at room temperature. Samples were processed for electron microscopy as described (54) . Morphometric analysis was done on electron micrographs at a final magnification of ϫ21,000. Compartments labeled by HRP were identified by the presence of DAB͞ peroxidase reaction product. Counts of synaptic vesicles and clathrin-coated vesicles were performed and values of clathrincoated vesicles expressed as a percentage of total small vesicles. Synaptic vesicles were defined as small, homogeneously sized, round or slightly ovoid compartments forming large clusters in presynaptic regions. Clathrin-coated vesicles were defined as round or slightly ovoid compartments that had a complete or partial clathrin coat and were located in close proximity to the synaptic vesicle cluster. From four different neuron cultures, a total of 349 control and 196 knockout nerve terminals were analyzed.
Results

The Functional Recycling Pool Is Smaller in Synaptojanin 1-Deficient
Neurons. To directly assess whether the exo͞endocytotic turnover of synaptic vesicles is altered in synaptojanin 1-deficient neurons, the uptake of FM1-43 into a functional pool of synaptic vesicles in response to increasing numbers of APs was measured in primary cultures of cortical neurons. For a loading sequence ( Fig. 1) , normal saline was replaced with saline containing FM1-43. Then, the neurons were electrically stimulated to fire a defined AP train at 10 Hz and kept in the presence of dye for an additional 90 s after the end of the stimulus. After a thorough washout period of 10 min in dye-free solution, the remaining fluorescent puncta corresponded to FM1-43 trapped within presynaptic boutons. These nerve terminals, loaded with dyefilled synaptic vesicles, were then maximally unloaded with a long train of APs (900 APs at 10 Hz) in dye-free saline. The difference in fluorescence intensity ⌬F before and after complete unloading reflected the amount of fluorescence trapped in the recycling synaptic vesicle pool during the loading sequence. With increasing numbers of exo͞endocytic events, the boutons became more fluorescent until they reached a steady-state maximum where additional stimuli did not further increase the fluorescence.
The overall pattern of synaptic vesicle turnover was the same in knockout and control neurons, and agreed with previous findings (52, 53) . Analysis of FM1-43 uptake ⌬F as a function of AP number revealed that both knockout and control neurons reached maximal dye loading by 600 APs (Fig. 1) . The similar shape of the loading curves indicated that there was no difference in the relationship between evoked APs and the relative amounts of synaptic vesicle turnover. However, although the overall pattern of synaptic vesicle turnover was the same, the absolute amount of trapped fluorescence in knockout synapses was Ϸ40% less than in control synapses. Thus, although the synaptic vesicle cycle was grossly intact, the difference in maximal dye uptake suggests that the functional synaptic vesicle pool in knockout neurons was on average 40% smaller than in control neurons.
Endocytosis Kinetics After a Short Stimulatory Burst Are Unchanged in
Synaptojanin 1-Deficient Neurons. To determine whether synaptojanin 1 is involved in the initial retrieval of synaptic membrane from the cell surface, the time course of dye internalization after a short train of APs was measured in synaptojanin 1-deficient neurons. Neurons were stimulated with a train of 100 APs at 10 Hz that triggered the turnover of, on average, one-third of the synaptic vesicle pool. A 90-s FM1-43 pulse was begun after a variable time delay ⌬t ranging from 0 to 90 s after the start of the stimulus train (Fig. 2, schematic) . Synaptic membrane that underwent endocytosis during the delay period escaped labeling, whereas endocytic vesicles retrieved during the dye pulse were labeled. The amount of FM1-43 taken up into the releasable pool was revealed by comparing the fluorescence of boutons before and after a complete 900-AP unloading. Analysis of FM1-43 uptake ⌬F as a function of the delay ⌬t revealed that the kinetics of endocytosis after the 100-AP train were indistinguishable between knockout and control neurons (Fig. 2) . In both cases, the time t 1/2 for half the fused synaptic vesicle membrane to undergo endocytosis was Ϸ15 s. Moreover, the overall shapes of the curves show no difference in the time course of endocytosis over a period of 180 s (up to a 90-s delay and including a 90-s dye pulse). These results agreed with previous findings (52) and suggested that the basic properties and machinery of endocytosis were intact. Therefore, the function of synaptojanin 1 did not appear to be essential in these early steps of synaptic vesicle recycling.
The Reformation of Fusion-Competent Synaptic Vesicles After a Round of Exo͞Endocytosis Is Delayed in Synaptojanin 1-Deficient Neurons.
The observations described above left open the question of whether synaptojanin 1 functions in the synaptic vesicle cycle downstream of membrane internalization. After endocytosis, newly retrieved synaptic membrane progresses through a multistep process to be repackaged into fusion-competent (or primed) synaptic vesicles ready for the next round of exocytosis. To determine whether synaptojanin 1 plays such a role, the kinetics of synaptic vesicle ''repriming'' was measured in synaptojanin 1-deficient neurons. The loading phase consisted of a 30-s pulse of FM1-43 where the start of the pulse was coincident with the start of a 10-Hz AP train (Fig. 3, schematic) . The stimulus continued beyond the dye pulse for a variable amount of chase time ⌬t ranging from 0 to 180 s while the neurons were bathed in dye-free saline. During this chase time, internalized fluorescent dye traveled through the recycling pathway. With longer AP trains, newly formed vesicles containing dye reentered the functional pool and released their trapped fluorescence in a second round of exocytosis. The releasable net fluorescence ⌬F ⌬t remaining after a given chase time ⌬t was unloaded and measured after a 10-min recovery period at rest. This fluorescence value ⌬F ⌬t corresponded to synaptic membrane that was trapped ''en route'' from endocytosis to exocytosis during the prolonged stimulus. This residual fraction of fluorescence was compared with the total releasable fluorescence ⌬F o , or the maximal amount of fluorescence trapped during a 300-AP, 30-s dye pulse loading phase measured when there was no chase period (⌬t ϭ 0 s). The progress of dye through the synaptic vesicle cycle was plotted by calculating the fraction (⌬F o Ϫ ⌬F ⌬t )͞⌬F o of the total releasable internalized dye that was released at various intervals ⌬t of the chase period.
Analysis of repriming kinetics revealed that the regeneration of functional synaptic vesicles during prolonged stimulation was delayed in synaptojanin 1-deficient neurons (Fig. 3) . In control neurons, the minimum repriming time was Ϸ15 s, and 60% of the internalized and releasable dye was secreted during the continuous stimulus. The remaining fluorescence could be released after a 10-min recovery period at rest, similar to previous findings (52, 53) . In contrast, in synaptojanin 1-deficient neurons, the minimum repriming time was 60 s, indicating a substantial kinetic delay in synaptic vesicle reformation. Furthermore, knockout synapses released only 20% of their total releasable fluorescence during the prolonged high-frequency stimulus. These results demonstrate the existence of two defects in synaptic vesicle recycling under these conditions: a kinetic delay in synaptic vesicle recycling and a severe backup of synaptic vesicle membrane that persists as long as stimulation is maintained. They suggest that synaptojanin 1 plays a critical role after vesicle membrane internalization in one or multiple steps of a recycling pathway leading from an endocytic vesicle to a fusioncompetent vesicle. To gain insight into the cellular mechanisms underlying this functional delay in synaptic vesicle reformation, we performed correlative ultrastructural studies involving pulse-chase experiments with endocytic tracers on cortical neuronal cultures. Knockout and control neurons were kept at rest for 30 min then stimulated with 900 APs (90 s at 10 Hz) in the presence of either the fluid-phase marker HRP or HRP-WGA. HRP-WGA binds to synaptic membranes and labels clathrin-coated vesicles and synaptic vesicles more efficiently than does fluid-phase HRP (55) . After the stimulus, neurons were washed and allowed to recover for 10 min in the absence of extracellular tracer. Cultures were fixed before the beginning of the stimulus (At Rest), at the end of the 900-AP train (Stimulated), or after the 10-min recovery period (Recovered; Fig. 4a ). The ''stimulated'' condition corresponded to the 900-AP load in the synaptic vesicle turnover assay and to the ⌬t ϭ 60 s time point in the repriming kinetics assay. Samples were then processed for electron microscopy, and counts of clathrin-coated vesicles and synaptic vesicles in nerve terminals were performed. Numbers of clathrin-coated vesicles as a percentage of total small vesicles (clathrin-coated and noncoated) were calculated for each condition.
Previous findings in cortical cultures from the synaptojanin 1 knockout mouse revealed an accumulation of clathrin-coated vesicles in presynaptic terminals not subjected to any exogenous stimulation (43) . In agreement with these observations, pooled counts from all experiments here revealed a general increase in clathrin-coated vesicles in synaptojanin 1-deficient synapses. The 900-AP train induced an increase in clathrin-coated vesicles over resting levels in both control and knockout synapses (Fig. 4f ) . A striking difference, however, was observed between control and knockout synapses 10 min after the completion of the stimulus. Whereas the number of clathrin-coated vesicles returned to resting levels in control synapses, it remained elevated in knockout synapses (compare Fig. 4 a and b with f ) . HRP-WGA, which binds the membrane, was not efficiently removed by the washout at the beginning of the recovery and continued to label endocytic vesicles that reformed during this period. The fact that a large fraction of clathrin-coated vesicles were positive for HRP-WGA in ''recovered'' knockout nerve terminals confirmed their endocytic origin (Fig. 4g) . Given that the absence of synaptojanin 1 did not significantly affect endocytosis kinetics, the accumulation of labeled clathrin-coated vesicles suggests a delay in clathrin uncoating. On the other hand, the fact that the number of clathrin-coated vesicles labeled by fluid-phase HRP (a probe efficiently removed by the washout) decreased after the recovery period indicated that, even in knockout synapses, the clathrincoated vesicles do eventually uncoat (Fig. 4h) .
The increase of clathrin-coated vesicles in recovered knockout synapses correlated with a spatial segregation of tracer-labeled, newly reformed vesicles from the synaptic vesicle cluster. In normal presynaptic terminals, transient recycling intermediates such as clathrin-coated pits and endosome-like cisternae were generally localized in the periphery of the synapse, but newly reformed vesicles rapidly and randomly intermixed with other vesicles in the synaptic vesicle cluster (Fig. 4 a and c) . In many knockout synapses, however, tracer-labeled uncoated vesicles were more concentrated in the cytomatrix surrounding the synaptic vesicle cluster (Fig. 4 b and d) . This segregation of labeled vesicles suggests a delayed incorporation of newly reformed vesicles into the functional synaptic vesicle pool.
Discussion
In synaptojanin 1-deficient neurons, the exo͞endocytic turnover of synaptic vesicles after moderate stimulation is unaffected. Specifically, there is no difference in the relationship between the number of evoked APs and the fraction of the functional pool of synaptic vesicles mobilized. However, the functional synaptic vesicle pool size is 40% smaller in synaptojanin 1 knockout mice, even though levels of synaptic vesicle proteins observed biochemically are unchanged (43) . Together with the recycling changes described here, the smaller vesicle pool may have contributed to the enhanced synaptic depression observed in previous studies (43, 45) . The kinetics of endocytosis after a moderate stimulus are unchanged in synaptojanin 1-deficient neurons. For the population of synaptic vesicles that recycle after 100 APs at 10 Hz, the machinery of exo͞endocytosis seems to be functioning normally, suggesting that synaptojanin 1 does not play a major role in the endocytic reaction during the first rounds of recycling. A delay in the time course of endocytosis is only observed after longer AP trains (900 APs at 10 Hz; data not shown). Under those conditions where PI(4,5)P 2 is persistently elevated, some endocytic proteins may fail to shed from internalized vesicles and remain sequestered on recycling intermediates, unavailable for reuse. Moreover, during prolonged stimulation, the endocytosis kinetics assay does not depend solely on the one-time internalization of a discrete cohort of synaptic vesicles. Instead, it captures multiple rounds of exo͞endocytosis for a significant population of vesicles. Therefore, during prolonged stimulation, the observed time course depends not only on the rate of endocytosis but also on all of the subsequent steps in the synaptic vesicle cycle.
The most striking finding in this study is that, during prolonged high-frequency stimulation, the reformation of fusioncompetent synaptic vesicles is severely impaired in synaptojanin 1-deficient neurons. In control neurons, the majority of retrieved synaptic membranes is rapidly returned to the functional pool of synaptic vesicles and proceeds to the next round of exocytosis. At the same time, a fraction of these membranes gets backed up and only reenters the functional pool after a recovery period at rest, as previously observed (52, 53) . In contrast, when exposed to the same prolonged stimulus, synaptojanin 1-deficient neurons show a marked delay in the acquisition of fusion competence by the fastest recycling membranes. Thus, a much smaller fraction of retrieved membranes manages to reenter the functional synaptic vesicle pool as long as the stimulation is maintained. Previous electrophysiological studies of synaptojanin 1-deficient neurons have shown that neurotransmission continues under these conditions, albeit at a depressed level (43, 45) . Therefore, it appears that a small fraction of the total synaptic vesicle pool recycled adequately to maintain some neurotransmission in knockout synapses, but that an abnormally large fraction of the recycling membrane became trapped temporarily in a functionally inert compartment in synaptojanin 1-deficient neurons. It remains to be seen whether a clathrin-independent pathway may account, at least in part, for the persistence of synaptic transmission under these stimulatory conditions. The use of endocytic tracers and ultrastructural analysis of neurons in different functional states allowed us to correlate functional and structural changes and to gain insight into the cellular mechanisms underlying the recycling defects in synaptojanin 1-deficient nerve terminals. The persistent increase in clathrincoated vesicles after an exocytic burst demonstrates an impairment of recovery of stimulated nerve terminals. The vast majority of these vesicles were labeled by HRP-WGA, confirming their endocytic origin and arguing against the possibility that synaptic vesicles became coated without first undergoing exocytosis. Because the endocytic reaction does not seem to be a major target of synaptojanin 1 action, these changes likely reflect delayed uncoating of clathrin-coated vesicles, as suggested by indirect evidence in our preliminary study of synaptojanin 1-deficient neurons (43) .
In knockout nerve terminals, an abnormally prominent zone of dense cytomatrix was observed around synaptic vesicle clusters that was occupied by tracer-labeled recycling intermediates: clathrin-coated vesicles, deep invaginations of plasma membrane, and endosome-like cisternae. Similar morphologic changes were observed at synapses of the giant reticulospinal axon of the lamprey after microinjection of antibodies and peptides that disrupted synaptojanin recruitment (46) . Studies of lamprey and mammalian synapses have demonstrated that synaptic vesicle clusters are surrounded by actin, suggesting that actin is the major component of the matrix present at these endocytic zones (28, 29, 56) .
The disruption of the normal balance between PI(4,5)P 2 synthesis and catabolism after synaptic activation may lie at the heart of the functional and morphologic changes observed in synaptojanin 1-deficient neurons. Based on our present results, we propose the following hypothesis: The absence of synaptojanin 1 phosphatase function in knockout nerve terminals leads to an imbalance in the phosphorylation͞dephosphorylation cycle of PI(4,5)P 2 . This imbalance, in turn, leads to the disruption of other cyclic reactions that are regulated by PI(4,5)P 2 , such as the coating͞uncoating of endocytic vesicles and the polymerization͞depolymerization of actin. The loss of synaptojanin 1 activity may have no effect on endocytosis kinetics because PI(4,5)P 2 levels are not rate-limiting for endocytosis. However, synaptojanin 1 function appears to be critical during membrane trafficking steps downstream of endocytosis. Indeed, synaptojanin 1 is localized, at least in part, on coated recycling intermediates in nerve terminals (35, 36) . The persistent presence of high PI(4,5)P 2 levels on endocytic membranes may delay uncoating. Furthermore, elevated PI(4,5)P 2 levels may enhance nucleation of actin at endocytic zones and lead to a hypertrophy of the cytomatrix in synaptojanin 1-deficient neurons. The severe delay in repriming observed in this study may reflect trapping of recycling membranes in this matrix and their impaired reentry into the functional pool of synaptic vesicles.
In conclusion, the findings of this study indicate that the rapid degradation of PI(4,5)P 2 by synaptojanin 1 is of critical importance for efficient synaptic vesicle regeneration and for the recovery of normal presynaptic function after an exocytic burst. In the absence of synaptojanin 1, sustained activity leads to a kinetic delay in synaptic vesicle reformation and to an increased, transient backup of synaptic membrane. This study provides direct evidence for the hypothesis that synaptojanin 1 plays a key physiologic role in the transition from early endocytic compartments to newly reformed synaptic vesicles fully incorporated into the functional pool. In a larger context, these results provide new evidence for a critical role of phosphoinositides in synaptic physiology and for their importance in regulating membrane traffic in the presynaptic terminal.
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